Recent field isolates of measles virus (MV) obtained by using B95-8 cells have been reported not to agglutinate African green monkey red blood cells (AGM-RBC). Vero cell-adapted, plaque-forming strains derived from three field isolates at the third passage in Vero cell cultures (T8Ve-3, T11Ve-3 and N13Ve-3) also exhibited markedly decreased binding activity, as determined by infectivity-absorption and haemadsorption tests. On the other hand, binding activity of the respective strains at the twentieth passage 
Introduction
Measles virus (MV), a member of the family Paramyxoviridae, genus Morbillivirus, is a causative agent of an acute systemic infection of young children, and also a rare, but uncurable slow virus infection called subacute sclerosing panencephalitis (ter Meulen et al., 1983) . MV has two envelope glycoproteins, the haemagglutinin (H) and fusion (F) glycoproteins. The former is responsible for haemagglutination (HA) as well as attachment of the virus to the target cells (Mountcastle & Choppin, 1977; Bellini et al., 1981) , and the latter for envelope fusion (Scheid & Choppin, 1977) .
MV was first isolated by Enders & Peebles (1954) using primary human kidney cell cultures. One of the isolates (Edmonston strain) has been passaged afterwards in many laboratories using monkey kidney cell lines such as Vero and CV-1 cells, and used for analysis as a standard strain of MV. Moreover, attenuated live vaccine strains have been prepared from the Edmonston strain and widely used to control MV infection. On the other hand, efficiencies of MV isolation using the monkey kidney
The nucleotide sequence data reported in this paper will appear in the GSDB, DDBJ, EMBL, NCBI nucleotide sequence databases with the following accession numbers, D28942 to D28951. cells are generally poor, and this has hampered comparison among many MV isolates. It is also a matter of debate whether or not MV strains that have been passaged in such cells for a long time still maintain their original characteristics. Recently, Kobune et al. (1990) reported that B95a, an adherent subline of the B95-8 cell line (Miller et al., 1972) , is highly susceptible to field isolates of MV. Using this cell line, MV can be isolated easily from practically all of the measles patients, and therefore comparison among many MV isolates has become feasible.
Laboratory-adapted MV strains including the Edmonston strain have been known to cause HA with African green monkey-red blood cells (AGM-RBC) (Rosen, 1961) , and cells infected with such MV strains bind AGM-RBC on the cell surface, a phenomenon described as haemadsorption (Kasahara et al., 1963) . On the contrary, recent field isolates of MV obtained by using B95a cells as well as B95-8 cells do not appear to cause a detectable degree of HA or haemadsorption (Saito et al., 1992; Sakata et al., 1993) . This difference may be a result of genetic divergence of MV strains prevailing at different times. Alternatively, the difference might have resulted from mutations that had occurred during long-term passage in cells of monkey origin. To test the latter possibility, we obtained Veto cell-adapted, plaque-forming strains derived from recent field isolates. Those virus strains were then passaged in Vero cell cultures more than 20 times and tested for the ability to bind to AGM-RBC by infectivity-absorption and haemadsorption tests. In the present study, we demonstrated that Vero cell-adapted, plaque-forming strains with short passage history had little capacity to bind AGM-RBC, but those passaged long-term exhibited markedly increased binding activity to AGM-RBC. We also report here that the increased binding activity of the MV of long-term passage was mediated by a viral protein(s) other than the H protein.
Methods
Virus and cells. MV was isolated by using B95-8 cells from throat swabs of patients clinically diagnosed to have measles. The fresh isolates were passaged for a few times in B95-8 cells to obtain high titres of virus preparation, and then inoculated onto Vero cells. Progeny virus strains that were able to form plaques on Vero cell monolayers were cloned by plaque purification and/or limiting dilution. The Vero cell-adapted, plaque-forming strains were then passaged more than 20 times by sequentially inoculating the culture supernatants onto Vero cells, and those at the third (Ve-3 strains) and twentieth passage (Ve-20 strains) were used for further analysis.
Measurement of binding activity to AGM-RBC.
The plaque-forming strains, particularly at early passage, produced much smaller amounts of cell-free virus in the culture fluids than the minimum amount for detection in the HA test. Therefore, we used more sensitive methods to assess the binding activity. (i) Infectivity-absorption test. Virus solution was mixed with an equal volume of packed AGM-RBC and incubated at 37 °C for 1 h. The mixture was then centrifuged at 10000 r.p.m, for 1 min to sediment RBCs, and the remaining infectivity in the supernatant was assayed using Vero cells. Virus solution mixed with equal amount of PBS served as a control. (ii) Haemadsorption test. Plaques on MV-infected Veto cell monolayers were overlaid with a 1% AGM-RBC suspension. After incubation for 15 min at room temperature, the monolayers were gently washed three times with PBS to remove non-adsorbed AGM-RBC and observed under an inverted light microscope.
Membrane immunofluorescence test.
Unfixed plaques on MV-infected Vero cell monolayers were incubated with monoclonal antibody (MAb) against the H protein of the Toyoshima strain of MV (B5) (Kohama et al., 1985; Sato et al., 1985) . After incubation for 1 h, the cells were washed three times with PBS, and incubated with fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG for 1 h. The cells were washed three times again with PBS and observed under a fluorescent microscope. The entire procedure was done at 4 °C.
Radioimmunoprecipitation assay (RIPA). MV-infected Vero cells
were incubated in the presence of [aSS]methionine (10 btCi/ml) at 37 °C for 4 h. The cells were then scraped off, washed twice with PBS, and lysed with RIPA buffer consisting of 0.5 % Triton X-100, 0.5 % sodium deoxycholate, 0.005 M-NaCI, 0.025 M-Tris-HC1 pH 8.0 (Saleh et al., 1979; M ochizuki e t al., 1990) . The cell lysates were incubated with the anti-H MAb B5 (Kohama et al., 1985; Sato et al., 1985) at 37 °C for 1 h, and then with Protein A-Sepharose for an additional 30 min at room temperature. After washing, the immunoprecipitates were subjected to 7 % PAGE and visualized by autoradiography using a bio imaging analyzer (BAS2000, Fuji Film Co., Ltd.).
Reverse transcription-PCR (RT-PCR)
. MV mRNA and genomic RNA were extracted from MV-infected Vero cells and culture supernatants, respectively, using a commercially available extraction solution (ISOGEN; Wako Pure Chemical Co., Ltd.). RNAs thus obtained were reverse-transcribed into cDNA using recombinant avian myeloblastosis virus reverse transcriptase (RAV-2; Takara Shuzo Co., Ltd.) and primers specific for the MV H gene. MV H cDNAs were then amplified by PCR using °Tth' DNA polymerase (Toyobo Co., Ltd.) and appropriate sets of primers over 35 cycles each consisting of 1 min at 94 °C, 2 min at 50 °C and 3 min at 72 °C. Sequences of the primers used in the present study were chosen based on the reported sequences (Alkhatib & Briedis, 1986; Gerald et al., 1986) Nucleotide sequence analysis. Amplified DNA fragments were subcloned into the M13mpl9 vector and sequenced by the dideoxynucleotide chain termination method (Sanger et al., 1977) using the Sequenase DNA sequence kit (United States Biochemical). At least three clones were sequenced for each amplified fragment. In some experiments, amplified fragments were subjected to direct sequencing using the Taq DyeDeoxy Terminator Cycle Sequencing kit and ABI 373A Autosequencer (Applied Biosystems, Inc.).
Results

Frequencies of the generation of Vero cell-adapted, plaque-forming strains in B95-8-derived MV isolates
Field isolates of MV obtained by using B95-8 cells do not, in general, form plaques on Vero cell monolayers. However, when considerably high titres of virus preparations were used, some field isolates formed a few plaques on Vero cell monolayers (Table 1) . Frequencies of generation of the Vero cell-adapted, plaque-forming strains in field isolate preparations were thus very low and varied with different isolates, ranging from less than 10 -5.7 to 10-3L The plaque-forming clones were used for further analysis.
Increased binding activity of Vero cell-adapted, plaqueforming strains to AGM-RBC upon long-term passage in Vero cell cultures
Binding activity of the virus to A G M -R B C was measured by two different methods.
(i) Infectivity-absorption test
After incubation with AGM-RBC, infectivity of the Ve-3 strains derived from three field isolates (T8Ve-3, T11Ve-3 and N13Ve-3) decreased by approximately 10-to 20-fold (Table 2) . On the other hand, infectivity of the corresponding Ve-20 strains (T8Ve-20, TllVe-20 and N13Ve-20) decreased to larger extents (333-to 3300-fold) after absorption with AGM-RBC. The decrease observed with TSVe-20 and T11Ve-20 was nearly identical to that observed with the Edmonston strain.
(
ii) Haemadsorption test
Plaques on Vero cell monolayers infected with N13Ve-3 barely adsorbed AGM-RBC, whereas those infected with N13Ve-20 showed marked haemadsorption as did the Edmonston strain (Fig. 1) . Practically the same results were obtained with other Ve-3 strains and the corresponding Ve-20 strains derived from T8 and T11 (data not shown).
Expression of the H protein on the plasma membrane of MV-infected Vero cells
N13Ve-3 mediated H protein expression on the plasma membrane of the infected cells to the same degree as those mediated by N13Ve-20 and the Edmonston strain (Fig. 2) . Virtually the same results were obtained when T8Ve-3 and T11Ve-3 were compared with T8Ve-20 and T11Ve-20, respectively (data not shown).
Analysis of the M V H protein by RIPA
The M r values of the H protein estimated from T8Ve-3-and T8Ve-20-infected cells were not different, with a value of 80K (Fig. 3, lanes 2 and 3) . Similarly, the M r values of the H proteins in TllVe-3-and N13Ve-3-infected cells were the same as those in cells infected with the corresponding Ve-20 strains, with a value of 82K (Fig. 3, lanes 4 to 7) . Amounts of the H protein in the infected cells were the same when comparing the Ve-3 strains and the corresponding Ve-20 strains derived from the three field isolates. 
Deduced amino acid sequence analysis of the H protein of mV
To reveal possible structural differences of the H protein in more detail, nucleotide sequences of the H gene of the plaque-forming strains were determined and amino acid sequences deduced. For a more comprehensive comparison, the parental field isolates (T8, T l l and N13) were also analysed. When the H protein synthesized in T8Ve-3-infected cells was compared with that in T8Ve- Fig. 4 . Comparison of deduced amino acid sequences of the H protein synthesized in Vero cells infected with various strains of MV. Shown are only the positions where sequence divergence between the above isolates and the Edmonston strain is observed. Symbols * and t indicate positions where residues are conserved in more recent isolates (after 1983), and in more previous ones (before 1968), respectively (see Rota et al., 1992 Rota et al., , 1994 . Hyphens indicate residues identical to those of the Edmonston strain. Residues showing differences between Ve-3 and the corresponding Ve-20 strains are boxed, and those showing differences between the Vero cell-adapted, plaque-forming strains and the parental field isolates are underlined.
20-infected cells, a single amino acid substitution (Ser to Gly) was observed at residue 546 (Fig. 4) . On the contrary, no difference was observed between the H proteins in cells infected with TllVe-3 and TIlVe-20, although there was a single amino acid alteration (Asn to Tyr) at residue 481 when compared with the parental field isolate. Plaques on N13Ve-20-infected monolayers consisted of a mixed population of two types, one with the H protein having a single amino acid alteration (His to Arg) at residue 495 compared with N13Ve-3, whereas the other was without alteration. It should be noted that approximately half of the plaques on N 13Ve-20-infected monolayers was the latter type, which, nevertheless, exhibited marked haemadsorption (data not shown). When compared with other MV isolates, residues at positions 174, 252, 284, 296, 302 and 416 were shown to be conserved in more recent isolates (after 1983) , and those at positions 243 and 276 were conserved in earlier ones (before 1968) including the Edmonston strain (see Rota et al., 1992 Rota et al., , 1994 .
Discussion
Until recently, only a limited number of MV strains were available owing to low isolation efficiencies using monkey kidney cell lines such as Vero and CV-1 cells. It has been shown that these monkey cell-adapted MV strains have significantly high binding activity to AGM-RBC as determined by HA and haemadsorption tests (Rosen, 1961; Kasahara et al., 1963) , and those characteristics have been considered as native properties of MV. On the other hand, it has been reported that recent field isolates of MV obtained by using B95-8 cells and its subline B95a do not exhibit HA or haemadsorption with AGM-RBC (Saito et al., 1992; Sakata et al., 1993) . This difference may be caused by either genetic divergence of MV strains prevailing at different times or by mutations that have occurred as a result of adaptation during passages in cell cultures. In support of the latter view, we demonstrated in the present study that the Ve-3 strains (T8Ve-3, T11Ve-3 and NI3Ve-3) showed only marginal degrees of binding activity to AGM-RBC, whereas the corresponding exhibited markedly increased binding activity to the same RBC (Table 2 and Fig. 1) . A membrane immunofluorescence test using an anti-H MAb revealed no difference between the Ve-3 and the corresponding Ve-20 strains (Fig. 2) . This result suggests that the difference in the binding activity to AGM-RBC was not owing to different degrees of H protein expression on the surface of either virus-infected cells or, conceivably, the virion as welt. RIPA (Fig. 3) and Northern blot analysis (data not shown) also demonstrated equal degrees of expression of both the H protein and H mRNA produced in the Ve-3-and Ve-20-infected cells.
Deduced amino acid sequence analysis revealed that the sequence of the H protein synthesized in T11Ve-20-infected cells was identical to that in TllVe-3-infected cells, suggesting that a viral protein(s) other than the H protein was contributing to the binding activity to AGM-RBC. In this connection, it has been reported that HA activity of influenza A virus with chicken RBCs is regulated by a gene(s) other than the haemagglutinin gene (Morishita et al., 1993) . Structural integrity of the influenza virus haemagglutinin has been shown to be impaired by altered functions of the M 2 protein, which acts as an ion channel to reduce the acidity within vesicles of the intracellular transport system (Grambas et al., 1992; Pinto et al., 1992; Ohuchi et al., 1994; Takeuchi & Lamb, 1994) . It has also been demonstrated that the H protein of MV, when exposed to acidic pH, undergoes irreversible conformational alteration, which results in the loss of HA activity (Sheshberadaran, 1991) . It is therefore reasonable to assume that an M2-1ike gene of MV, although as yet unidentified, is involved in the increase in binding activity to AGM-RBC. However, the possibility still remains that the single amino acid alterations in the H protein sequences observed with T8Ve-20 and N13Ve-20 are involved, at least partly, in the increased binding activity. Further study is necessary to determine the factor(s) involved in the increased binding activity.
Two types of haemagglutination by MV have been reported; ordinary haemagglutination in isotonic PBS and salt-dependent haemagglutination (SDA) that occurs in 0"8 M-(NH4)2SO ~ in PBS (Schluederberg & Nakamura, 1967) . Since virus titres in culture fluids of the Vero cell-adapted, plaque-forming strains, particularly those at early passages, were not high enough to cause haemagglutination, we could not test SDA activity by the original method. Instead, we determined SDAlike activity (salt-dependent binding to AGM-RBC) by a haemadsorption test in the presence of 0.8 N-(NH4)2SO 4. Salt-dependent haemadsorption was weakly but definitely observed on cells infected with T11Ve-3, whereas barely with T8Ve-3 (data not shown). The corresponding Ve-20 strains (T8Ve-20 and T11Ve-20) exhibited positive haemadsorption more strongly in the presence of 0"8 M-(NH~)zSO 4 than in its absence. These results imply that SDA activity is also enhanced upon long-term passage in Vero cells.
In addition to the increase in the binding activity to AGM-RBC, it was observed that there was an increased release of cell-free virus into culture fluids upon longterm passage in Vero cells (Table 2) , although degrees of viral polypeptide synthesis in the cells were not altered ( Fig. 2 and 3) . Also, we observed that neuropathogenicity to mice of the Vero cell-adapted, plaque-forming strains decreased upon passage in Vero cell cultures (to be published elsewhere). These results suggest that some of the native properties of MV are easily lost upon long-term passage in the cultures, and that laboratory-adapted strains including the Edmonston strain do not necessarily represent MV strains currently prevailing in the field. This possibility should always be taken into consideration when viral characteristics are studied.
